INTRODUCTION
============

Asthma is a chronic inflammatory airway disorder characterized by airway hyperresponsiveness (AHR), episodes of reversible airflow obstruction, and airway remodeling, currently affecting more than 300 million individuals around the world, with a large socioeconomic burden.[@B1] Although inhaled corticosteroids act as the first-line treatment of asthma, there are still 5%--20% of asthmatics who respond poorly to steroids even at high doses, contributing to the majority of morbidity and mortality associated with the disease.[@B2] Until recently, the etiology and pathogenesis of asthma remains elusive. Thus, understanding the underlying pathophysiology of asthma is of great importance.

Toll-like receptors (TLRs) are a group of pattern recognition receptors abundantly expressed on hematopoietic and non-hematopoietic stromal or structural airway cells that, after ligation with ligands, exert profound immune-modulatory roles in the development of asthma.[@B3] Without diminishing the importance of other members of this superfamily, a growing body of evidence demonstrates that TLR4 is involved in the pathogenesis of asthma.[@B3] Several studies found that blocking TLR4 using antagonists decreased house dust mite (HDM)- or ovalbumin (OVA)-induced airway inflammation.[@B4][@B5] In spite of similar results obtained in TLR4-deficient mice indicating that TLR4 signaling is required to induce T helper (Th) 2 responses and airway hypersensitivity,[@B6][@B7][@B8] other studies showed that experimental asthma models were more easily induced in TLR4-deficient or MyD88-deficient mice,[@B9][@B10] while chronic exposure to endotoxin (TLR4 agonist) can protect mice from developing HDM-induced asthma by suppressing epithelial cell-derived Th2 response.[@B11] Besides, activation of TLR4 was able to dampen Th2 sensitization and to boost Th17 sensitization in the HDM*-*induced model, while in the OVA-induced model concomitant activation of TLR4 only hampers Th2 sensitization.[@B12] These opposite results addressed the controversial but vital role of TLR4 in the pathogenesis of asthma. Thus, the aim of this study was to investigate the role of TLR4 in toluene diisocyanate (TDI)-induced asthma and the mechanisms involved.

MATERIALS AND METHODS
=====================

Animals
-------

A 6- to 8-week old male TLR4^−/−^ and wild-type (WT) C57BL/10J mice were purchased from the Model Animal Research Center of Nanjing University. All mice were housed under a specific pathogen-free condition and provided with sterile water and irradiated food available *ad libitum*. All animal care and experimental procedures were in accordance with the guidelines of the Committee of Guangzhou Medical University on the use and care of animals and were authorized by the Animal Subjects Committee of Guangzhou Medical University (Approval No. A2019-048).

Reagents
--------

TDI (≥98.0%), methacholine and acetone were obtained from Sigma-Aldrich (Shanghai, China). The B-cell lymphoma 2 (Bcl-2)-specific inhibitors ABT-199 and ABT-737 were purchased from Selleck (Shanghai, China). Multiplex immunoassays for interleukin (IL)-4, IL-5, IL-13, IL-17A, IL-17F, IL-6, IL-18, C-C motif chemokine 11 (CCL11), chemokine (C-X-C motif) ligand 1 (CXCL1) and colony-stimulating factor 3 (CSF-3) were bought from eBioscience (San Diego, CA, USA). An ELISA detection kit for mouse high mobility group box 1 (HMGB1) was brought from Chondrex Inc. (Redmond, WA, USA), and a Caspase-1/ICE Colorimetric Assay Kit was purchased from R&D system (Minneapolis, MN, USA). Fluorescent dye-conjugated mouse antibodies, Gr-1 (BV421-labeled) and Siglec-F (BB515-labeled), were purchased from BD (San Jose, CA, USA), and cluster of differentiation (CD) 11b (FITC-labeled) was purchased from Biolegend (San Diego, CA, USA). An Annexin V-Alexa Fluor 647/propidium iodide (PI) detection Kit was bought from Bestbio (Shanghai, China). Primary antibodies against HMGB1, TLR4, mucin-5AC (MUC5AC), α-smooth muscle actin (α-SMA), NOD-like receptor family, pyrin domain containing 3 (NLRP3) and caspase-8, were purchased from Abcam (Shanghai, China). Primary antibody against cleaved-caspase-3 was purchased from Cell Signaling Technology (Danvers, MA, USA). Rabbit-anti-NLR family CARD domain containing 4 (NLRC4), Bcl-2, caspase-3 antibodies were purchased from ABclonal (Wuhan, China).

TDI-induced asthma model
------------------------

Sensitization and antigen challenge with TDI were performed as described elsewhere.[@B13] In the first protocol, all mice were randomized to paralleled 4 groups: 1) vehicle-sensitized, vehicle-challenged WT mice (WT control group); 2) TDI-sensitized, TDI-challenged WT mice (WT TDI group); 3) vehicle-sensitized, vehicle-challenged TLR4^−/−^ mice (TLR4^−/−^ control group); and 4) TDI-sensitized, TDI-challenged, TLR4^−/−^ mice (TLR4^−/−^ TDI group). In the second protocol, mice were also randomly allocated to paralleled 4 groups: 1) TDI-sensitized, TDI-challenged, solvent-treated WT mice (WT TDI group); 2) TDI-sensitized, TDI-challenged, solvent-treated TLR4^−/−^ mice (TLR4^−/−^ TDI group); 3) TDI-sensitized, TDI-challenged, ABT-199-treated TLR4^−/−^ mice (TLR4^−/−^ TDI + ABT-199 group); and 4) TDI-sensitized, TDI-challenged, ABT-737-treated TLR4^−/−^ mice (TLR4^−/−^ TDI + ABT-737 group). Briefly, on days 1 and 8, the mice were dermally immunized with 0.3% TDI on the dorsum of both ears (20 µL per ear). On days 15, 18 and 21, the mice were placed in a horizontal rectangle chamber and challenged for 3 hours each time with 3% TDI by means of compressed air nebulization (NE-C28; Omron, Tokyo, Japan). Control mice were treated by the same procedures with the same amount of vehicle. The vehicle used to dissolve TDI consisted of a mixture of 2 volumes of acetone and 3 volumes of olive oil for sensitization, and 1 volume of acetone and 4 volumes of olive oil for inhalation. The selective Bcl-2 inhibitors, ABT-199 (4 mg/kg) and ABT-737 (4 mg/kg) dissolved in 30% propylene glycol as well as 5% Tween-80 and 65% D5W (5% dextrose in water, pH = 4.2), were intranasally given to the mice 2 hours after each inhalation.[@B14] Sham mice received the same volume of solvent for comparison.

Assessment of AHR
-----------------

Airway responsiveness to methacholine was analyzed 24 hours after the final challenge with the FinePointe Resistance and Compliance system (DSI-Buxco, St. Paul, MN, USA) as previously described.[@B15] Measurements of lung resistance (R*~L~*) were performed in response to increasing concentrations of nebulized methacholine (6.25, 12.5, 25 and 50 mg/mL) every 5 minutes following each nebulization step until a plateau phase was reached. Results are expressed as percentage of baseline R*~L~* value for each dose of methacholine.

Bronchoalveolar lavage fluid (BALF) analysis
--------------------------------------------

After blood was taken, the trachea was cannulated, and the lungs were washed twice with 0.8 mL of sterile saline (0.9% NaCl, prewarmed). Total cells in BALF were counted and differential cell counts were determined by cytospin preparation stained with hematoxylin and eosin (H&E). Then the remaining fluids were centrifuged (1,000 g, 10 minutes), and supernatants were stored at −80°C for further analysis. BALF levels of IL-4, IL-5, IL-13, IL-17A, IL-17F, IL-6 and IL-18 as well as eosinophil chemokine CCL11, neutrophil chemokine CXCL1 and CSF-3 were measured using multiplex immunoassay (eBioscience) according to the manufacturer\'s instructions.

Flow cytometric analysis of BALF and lung single cell suspension
----------------------------------------------------------------

Mice were anesthetized, and the lungs were flushed *in situ* with 5 mL of phosphate-buffered saline (PBS) via cannulation of the heart to remove the intravascular blood pool. About 80 mg of minced lung tissues were incubated at 37°C for 40 minutes on a rocker with collagenase (200 UI/mL, Sigma-Aldrich) in RPMI 1640 medium. Subsequently, the enzyme-digested lung tissues were passed through 100-mm nylon filters, and ACK lysis buffer was used to remove the red blood cells. Cell-surface marker expression of neutrophils in BALF and lung single cell suspensions were assessed with the fluorescent dye-conjugated mouse antibodies Gr-1 (BV421; \#562709, BD), CD11b (FITC; \#101206, Biolegend) for 30 minutes at 4°C, and cell-surface marker expression of eosinophils was stained by Gr-1 (BV421; \#562709, BD) and Siglec-F (BB515; \#564514, BD). Based on surface marker staining, suspensions were cultured with Annexin V (Alexa Fluor 647-labeled) and PI (\#BB-41035, Bestbio) to assess apoptosis levels in BAL and lung single cells. Data were acquired with a BD Biosciences Fortessa flow cytometer and analyzed with FlowJo software.

Lung tissue histopathology
--------------------------

After BALF was collected, the left lungs were inflated with 4% neutral buffered formalin for 24 hours and embedded in paraffin using a standard protocol. Lung sections were cut 4-μm thick with a Leica microtome 2030 (Leica Microsystems Nussloch GmbH, Nussloch, Germany), then stained with H&E and Masson\'s trichrome for blinded histopathological assessment. Peribronchial and perivascular inflammation in H&E-stained slides was assessed using a scoring standard as previously described[@B16]: 0 = normal; 1 = infrequent inflammatory cells; 2 = a ring of inflammatory cells 1 cell layer deep; 3 = a ring of inflammatory cells 2-4 cells deep; and 4 = a ring of inflammatory cells more than 4 cells deep. Epithelial denudation was measured by assessing the percentage of the denuded area in the entire circumference of the bronchus.[@B17] Thickness of airway smooth muscle (ASM) was measured by a modification of Cho\'s method.[@B18] Briefly, the thickness of the peribronchial smooth muscle layer (the transverse diameter) in large airways was measured from the innermost aspect to the outermost aspect of the circumferential smooth muscle layer.[@B19] The presence of collagen fibril deposition with Masson staining was analyzed by ImageJ software. Scoring was performed at a magnification of 200× by examining at least 8-10 image fields of 12 slices from 6 mice per group.

Measurements of HMGB1 and caspase-1 activity
--------------------------------------------

Lung tissues obtained from the experimental mice were snap-frozen in liquid nitrogen and lung homogenates were stored at −80°C. HMGB1 content in BALF, and caspase-1 activity in the lung tissue were measured by an ELISA kit (Chondrex) and a Caspase-1/ICE Colorimetric Assay Kit (R&D system), respectively, according to the manufacturer\'s instructions.

Immunohistochemistry and western blotting
-----------------------------------------

Lung sections were prepared as previously described, then stained with mouse anti-MUC5AC antibody (\#ab3649, Abcam), rabbit anti-α-SMA (\#ab32575, Abcam), TLR4 (\#ab13556, Abcam), rabbit anti-HMGB1 antibody (\#ab79823, Abcam), rabbit anti-NLRP3 antibody (\#214185, Abcam), rabbit anti-NLRC4 antibody (\#A13117, ABclonal) and rabbit anti-Bcl-2 antibody (\#A0208, ABclonal). After washing with PBS, slices were incubated with anti-rabbit secondary antibody for 30 minutes at room temperature. Signals were visualized with a DAB peroxidase substrate kit., and the localization of targeted molecules in the lung was assessed under a light microscope. Lung tissue samples were ground to fine powder under liquid nitrogen and lysates were subjected to SDS-PAGE and western blotting for the detection of the following antigens: TLR4 (\#ab13556, Abcam), HMGB1 (\#ab79823, Abcam), NLRP3 (\#214185, Abcam), NLRC4 (\#A13117, ABclonal), Bcl-2 (\#A0208, ABclonal), procaspase-3 (\#A0214, ABclonal), procaspase-8 (\#108333, Abcam), cleaved caspase-3 (\#9664s, Cell Signaling Technology) and cleaved caspase-8 (\#9429, Cell Signaling Technology). After incubation with an IRDye^®^ 680WC-conjugated secondary antibody (LICOR Biosciences), immunoreactive bands were exposed to an Odyssey^®^ CLx Imager for image capture. Data analysis was performed with ImageJ Software.

Statistical analysis
--------------------

Prism (version 6; GraphPad, San Diego, CA, USA) and SPSS version 20.0 (SPSS Inc., Chicago, IL, USA) were used for statistical analysis and graphing. Data are expressed as mean ± standard error, and comparisons among groups were made via 1-way analysis of variance accompanied by Dunnett\'s T3 (equal variances not assumed) *post hoc* tests for multiple comparisons. *P* \< 0.05 was considered statistically significant. At least 3 independent experiments were repeated.

RESULTS
=======

TLR4 deficiency aggravates TDI-induced airway hyperreactivity and inflammation
------------------------------------------------------------------------------

For *in vivo* studies of the role of TLR4 in TDI-induced airway inflammatory responses, WT and TLR4^−/−^ mice were sensitized with 0.3% TDI (days 1 and 8), followed by 3 challenges using 3% TDI (days 15, 18 and 21). This model shares cardinal features with steroid-insensitive asthma[@B19] including airway neutrophil-dominated inflammation and mixed granulocyte inflammation. As expected, TDI exposure increased airway reactivity to methacholine and inflammatory cell aggregation accompanied with elevated pulmonary expression of TLR4 when compared with control ([Fig. 1A-C](#F1){ref-type="fig"}). TLR4^−/−^ mice displayed significantly exacerbated AHR and a denser accumulation of neutrophils around the airway as compared with WT mice following TDI exposure ([Fig. 1A-C](#F1){ref-type="fig"}). Histological examination of lung sections from the WT TDI group revealed large numbers of infiltrating inflammatory cells around the airways as well as evident epithelial hyperplasia compared with control, and showed no significant differences from that in TLR4-deficient mice. After TDI inhalation, TLR4^−/−^ mice exhibited substantially more neutrophil recruitment as shown by BALF smear ([Fig. 1C](#F1){ref-type="fig"}), and heavier epithelial shedding when compared with WT mice ([Fig. 1D and F](#F1){ref-type="fig"}).

![TLR4 deficiency aggravated TDI-induced airway hyperreactivity and inflammation. (A) Airway hyperresponsiveness was measured by R*~L~*. Results are shown as percentage of baseline (n = 4). (B) Numbers of total inflammatory cell in BALF. (C) Numbers of neutrophils and eosinophils in BALF (n = 6). (D) Representative H&E-stained lung sections of different groups. Original magnification was 200×. (E) Semi-quantification of airway inflammation was performed (n = 4--6). (F) Semi-quantification of epithelial denudation was performed (n = 4--6). (G) Analysis of ASM thickness was performed (n = 4--6). (H) Levels of Th2-related cytokines IL-4, IL-5 and IL-13 in BALF (n = 4--6). (I) Levels of Th17-related cytokines IL-17A, IL-17F, IL-6, IL-18 and in BALF (n = 4--6). (J) Levels of neutrophil chemoattractant CSF-3, CXCL1 and eosinophil chemoattractant CCL11 in BALF (n = 4--6).\
WT, wild-type; TLR4, toll-like receptor 4; TDI, toluene diisocyanate; R*~L~*, lung resistance; H&E, hematoxylin and eosin; BALF, bronchoalveolar lavage fluid; NS, not significant; IL, interleukin; Th, T helper; CCL11, C-C motif chemokine 11; CXCL1, chemokine (C-X-C motif) ligand 1; CSF-3, colony-stimulating factor 3; ASM, airway smooth muscle.\
^\*^*P* \< 0.05; ^†^*P* \< 0.01; ^‡^*P* \< 0.001.](aair-12-608-g001){#F1}

TLR4^−/−^ mice exhibit Th2/Th17 dysregulation after TDI sensitization and challenge
-----------------------------------------------------------------------------------

A mixture of Th1, Th2 and Th17 responses have been found to underline TDI-induced asthmatic inflammation.[@B15][@B19] TDI-exposed WT mice exhibited elevated secretion of Th2-related factors (IL-4, IL-5 and IL-13), Th17-related ILs (IL-17A, IL-17F, IL-6 and IL-18) and eosinophil chemokine CCL11 as well as neutrophil chemokine CSF-3 and CXCL1, in BALF compared with the control group ([Fig. 1H-J](#F1){ref-type="fig"}). TDI-inhaled TLR4^−/−^ mice displayed similar results except down-regulated IL-17A and up-regulated CSF-3 ([Fig. 1I and J](#F1){ref-type="fig"}), of which elevated CSF-3 was proven to inhibit neutrophil apoptosis and to prolong its survival.[@B20]

TLR4^−/−^ mice display exacerbated airway remodeling after TDI exposure
-----------------------------------------------------------------------

Airway remodeling is an essential pathophysiological feature of asthma.[@B1] To assess whether TLR4 affects the extent of airway remodeling *in vivo*, lung sections were first stained for MUC5AC, which revealed that the lung expression of MUC5AC in TLR4^−/−^ mice seemed to be slightly higher as compared with WT mice following TDI inhalation though not significant ([Fig. 2A and D](#F2){ref-type="fig"}), indicating that TLR4 deficiency might tend to promote mucus hypersecretion in TDI-induced asthma. The effects of TLR4 deficiency on ASM thickening and collagen deposition induced by TDI were also assessed through α-SMA and trichrome Masson\'s staining. In accordance with the above results, TLR4 deficiency aggravated collagen deposition in TDI-treated mice ([Fig. 2B and E](#F2){ref-type="fig"}), but reduced ASM thickening ([Fig. 1G](#F1){ref-type="fig"}, [Fig. 2C and F](#F2){ref-type="fig"}).

![TLR4^−/−^ mice exhibited exacerbated airway remodeling after TDI exposure. (A) Representative immunohistochemical staining of MUC5AC in the lung sections of different groups. Original magnification was 200×. (B) Representative Masson trichrome-stained lung sections showing the collagen deposition of different groups. Original magnification was 200×. (C) Representative immunohistochemical staining of α-SMA indicates smooth muscle density. Original magnification was 200×. (D) Semi-quantification of MUC5AC staining was performed by ImageJ software (n = 4--6). (E) Semi-quantification of Masson staining was performed by ImageJ software (n = 4--6). (F) Semi-quantification of α-SMA staining was performed. The percentage of α-SMA positive staining area was measured by ImageJ software (n = 4--6).\
WT, wild-type; TLR4, toll-like receptor 4; TDI, toluene diisocyanate; NS, not significant; MUC5AC, mucin-5AC; α-SMA, α-smooth muscle actin.\
^\*^*P* \< 0.01; ^†^ *P* \< 0.001.](aair-12-608-g002){#F2}

TLR4 deficiency remarkably inhibits the expression of NLRP3 and NLRC4, and suppresses the activity of caspase-1 in TDI-exposed mice
-----------------------------------------------------------------------------------------------------------------------------------

TLR4 signaling is known to mediate the activation of inflammasomes (especially NLRP3 and NLRC4) as the first signal in a broad spectrum of inflammatory processes,[@B21][@B22][@B23] so that we detected the expression of NLRP3, NLRC4 and caspase-1 in the TDI immunized and challenged mice. As for NLRP3, immunohistochemistry showed that there was relatively weak staining in the lungs of control mice. TDI exposure led to increased immunoreactivity of NLPR3 especially distributed in the airway epithelium, alveolar epithelium and infiltrating inflammatory cells ([Fig. 3A](#F3){ref-type="fig"}). In line with this, western blotting revealed up-regulated NLRP3 expression in the whole lung after TDI exposure ([Fig. 3C and D](#F3){ref-type="fig"}), while TLR4 deficiency almost eliminated pulmonary NLRP3 expression in TDI-exposed mice ([Fig. 3A, C, and D](#F3){ref-type="fig"}).

![TLR4-deficiency remarkably inhibited the activation of NLRP3, but slightly blunted NLRC4 in TDI-exposed mice. (A) Representative immunohistochemistry of NLRP3 in the bronchial regions (upper panel) and alveolar regions (lower panel). TLR4 deficiency significantly inhibited expression of NLRP3. Original magnification was 400×. (B) Representative immunohistochemistry of NLRC4 in the bronchial regions (upper panel) and alveolar regions (lower panel). TLR4 deficiency in C57/BL10 mice slightly blunted pulmonary expression of NLRC4. Original magnification was 400×. (C, D) Protein expressions of NLRP3, NLRC4 in lung homogenates were detected by Western blotting and densitometric analysis was performed (n = 6). (E) Levels of caspase-1 activity in lung homogenates of different groups (n = 4--6).\
WT, wild-type; TLR4, toll-like receptor 4; TDI, toluene diisocyanate; NS, not significant; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NLRP3, NOD-like receptor family, pyrin domain containing 3; NLRC4, NLR family CARD domain containing 4.\
^\*^*P* \< 0.05; ^†^*P* \< 0.01; ^‡^*P* \< 0.001.](aair-12-608-g003){#F3}

As for NLRC4, there was relatively dense staining in the alveolar epithelia of the lung in control mice. Though it seems likely that TDI sensitization and challenge just slightly elevated NLRC4 expression in the immunohistochemistry of lung sections ([Fig. 3B](#F3){ref-type="fig"}), western blotting showed TDI inhalation robustly raise the expression of NLRC4 in the whole lung ([Fig. 3C and D](#F3){ref-type="fig"}). TLR4 deficiency also slightly repressed pulmonary NLRC4 expression as indicated by immunohistochemistry and western blotting ([Fig. 3B-D](#F3){ref-type="fig"}). Similarly, the activity of caspase-1 was enhanced in TDI-exposed mice, which was completely diminished by the lack of TLR4 ([Fig. 3E](#F3){ref-type="fig"}).

TLR4 deficiency does not affect HMGB1 production in TDI-treated mice
--------------------------------------------------------------------

Although the activation of caspase-1 was inhibited by TLR4 deficiency, which has been demonstrated to contribute to TDI-induced airway inflammation in our previous study,[@B15] TLR4 deficiency exacerbated TDI-induced neutrophil infiltration and remodeling. Then, we detected another classic neutrophil chemokine, HMGB1.[@B24] As previously reported, TDI treatment enhanced the expression of HMGB1 in both lung tissue and BALF ([Fig. 4A and D](#F4){ref-type="fig"}). Also, the TDI-exposed TLR4^−/−^ mice exhibited similar pulmonary expression of HMGB1 ([Fig. 4A](#F4){ref-type="fig"}). Consistent with this, ELISA revealed that the secreted HMGB1 level in BALF of TLR4-deficient mice did not differ from that of WT mice after TDI exposure ([Fig. 4D](#F4){ref-type="fig"}).

![TLR4 deficiency did not affect HMGB1 production in TDI-treated mice. (A) Representative immunohistochemistry of HMGB1 in the bronchial regions (upper panel) and alveolar regions (lower panel). Original magnification was 400×. (B) Representative immunohistochemical staining of TLR4 in the bronchial regions (upper panel) and alveolar regions (lower panel). (C) Protein expression of TLR4, HMGB1 in lung homogenates were detected by Western blotting (n = 6). (D) Levels of HMGB1 in BALF of different groups were detected by ELISA (n = 4--6).\
WT, wild-type; TLR4, toll-like receptor 4; TDI, toluene diisocyanate; NS, not significant; HMGB1, high mobility group box 1; BALF, bronchoalveolar lavage fluid; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; ELISA, enzyme-linked immunosorbent assay.\
^\*^*P* \< 0.05.](aair-12-608-g004){#F4}

TLR4 deficiency impairs neutrophil apoptosis via up-regulation of Bcl-2 in TDI-induced asthma
---------------------------------------------------------------------------------------------

To test the hypothesis that TLR4 deficiency might exacerbate TDI-induced asthma by impairing granulocyte apoptosis, apoptosis of neutrophils and eosinophils was monitored. As expected, TDI exposure dramatically reduced the apoptosis of neutrophils and eosinophils ([Fig. 5A](#F5){ref-type="fig"}). The percentage of neutrophils rather than eosinophils stained positive with annexin V was markedly decreased in TLR4-deficient mice compared with that in WT mice ([Fig. 5A](#F5){ref-type="fig"}), indicating that TLR4 deficiency significantly hampered neutrophil apoptosis, with no obvious effect on eosinophil apoptosis.

![TLR4 deficiency impaired apoptosis of neutrophils, with pulmonary up-regulation of Bcl-2. (A) Numbers of apoptotic *ex vivo* eosinophils and neutrophils were determined by flow cytometry. (B) Representative immunohistochemistry of Bcl-2 in the bronchial regions. Original magnification was 400×. (C-E) Protein expressions of Bcl-2, procaspase-3, procaspase-8, cleaved caspase-3 and cleaved caspase-8 in lung homogenates were detected by Western blotting and densitometric analysis was performed (n = 6).\
WT, wild-type; TLR4, toll-like receptor 4; TDI, toluene diisocyanate; NS, not significant; Bcl-2, B-cell lymphoma 2; BALF, bronchoalveolar lavage fluid; PI, propidium iodide.\
^\*^*P* \< 0.05; ^†^*P* \< 0.01; ^‡^*P* \< 0.001.](aair-12-608-g005){#F5}

Two classic pathways are involved in apoptotic induction: the extrinsic apoptotic pathway (death receptors-initiated caspase-8-dependent) and the intrinsic apoptotic pathway (mitochondrion-initiated caspase-9-dependent pathway), of which, intrinsic apoptosis was strictly controlled by the anti-apoptotic protein Bcl-2, interacting with pro-apoptotic proteins.[@B25] Here, we found that the protein expression of cleaved caspase-3 was markedly decreased in TLR4-deficient mice compared with that in WT mice ([Fig. 5C-E](#F5){ref-type="fig"}) after TDI challenge, indicating that TLR4 deficiency hampered neutrophil apoptosis in a caspase-dependent manner. Besides, TDI inhalation significantly decreased the expression of cleaved caspase-8 in WT mice ([Fig. 5A, C and D](#F5){ref-type="fig"}), which showed no significant differences between TLR4^−/−^ and WT mice ([Fig. 5C-E](#F5){ref-type="fig"}). Moreover, immunohistochemistry and western blotting demonstrated that, after TDI exposure, pulmonary expression of an anti-apoptotic protein Bcl-2 was higher in TLR4^−/−^ mice than in WT mice, though TDI exposure did not increase its expression in WT mice ([Fig. 5B-D](#F5){ref-type="fig"}).

Given that TLR4 deficiency impaired neutrophil apoptosis with the up-regulation of Bcl-2, we used Bcl-2 inhibitors to find out whether this response is modulated by Bcl-2. Immunohistochemistry indicated that either ABT-199 or ABT-737 significantly inhibited the pulmonary expression of Bcl-2 in TLR4-deficient TDI-exposed mice ([Fig. 6A](#F6){ref-type="fig"}). As expected, ABT-199 or ABT-737 treatment in TDI-exposed TLR4-deficient mice markedly attenuated airway inflammation ([Fig.6B, C, E, and F](#F6){ref-type="fig"}), and significantly decreased AHR ([Fig. 6D](#F6){ref-type="fig"}). The levels of IL-4, IL-5, IL-13, IL-17F, IL-6, CSF-3, CXCL1 and CCL11 were also lowered ([Fig. 6G](#F6){ref-type="fig"}). Furthermore, flow cytometry showed that both inhibitors enhanced apoptosis of neutrophils and eosinophils in BALF and/or lung single cell suspension of TLR4-deficient asthmatic mice ([Fig. 6H](#F6){ref-type="fig"}), which implied that TLR4 deficiency might impair neutrophil apoptosis via pulmonary up-regulation of Bcl-2.

![Bcl-2 inhibitors alleviated the aggravated airway inflammation in TDI-exposed TLR4^--/--^ mice. (A) Representative immunohistochemistry of Bcl-2 in the bronchial regions. Original magnification was 400×. (B) Representative H&E-stained lung sections of different groups. Original magnification was 200×. (C) Semi-quantification of peribronchial and perivascular inflammation was performed (n = 5-6). (D) Airway hyperresponsiveness was measured by R*~L~*. Results were shown as percentage of baseline (n = 4). (E) Numbers of total inflammatory cell in BALF (n = 5--6). (F) Numbers of neutrophils, and eosinophils in BALF (n = 5--6). (G) Levels of Th2-related cytokines (IL-4, IL-5 and IL-13), Th17-related cytokines (IL-17A, IL-17F, IL-6 and IL-18), eosinophil chemoattractant CCL11, and neutrophil chemoattractant CSF-3, CXCL1 in BALF (n = 4--6). (H) Numbers of apoptotic *ex vivo* eosinophils and neutrophils were determined.\
WT, wild-type; TLR4, toll-like receptor 4; TDI, toluene diisocyanate; NS, not significant; R*~L~*, lung resistance; Bcl-2, B-cell lymphoma 2; IL, interleukin; CCL11, C-C motif chemokine 11; CXCL1, chemokine (C-X-C motif) ligand 1; CSF-3, colony-stimulating factor 3; BALF, bronchoalveolar lavage fluid; Th, T helper; H&E, hematoxylin and eosin; PI, propidium iodide.\
^\*^*P* \< 0.05; ^†^*P* \< 0.01; ^‡^*P* \< 0.001.](aair-12-608-g006){#F6}

DISCUSSION
==========

The TDI-challenged asthma model is unique in that it results in aggregation of a large number of neutrophils and a handful of eosinophils into the airways which is insensitive to corticosteroids, and features airway remodeling,[@B19] including ASM cell proliferation, goblet cells hyperplasia and extensive collagen deposition. This study revealed that inhibition of TLR4 using gene knockout mice aggravates TDI-induced AHR and airway inflammation, which is associated with Bcl-2-dependent impaired apoptosis of neutrophils resulted from TLR4 deficiency.

It is well documented that TLR4 engagement, as the first signaling, could trigger the activation of inflammasomes in an array of inflammatory responses.[@B21][@B22][@B23] Inhibition of TLR4 would therefore interfere with downstream signals. Previously we have demonstrated that blockade of the NLRP3/caspase-1 axis effectively prevents neutrophil aggregation in TDI-induced asthma.[@B15] Thus, we anticipated that the TLR4-deficient mice would exhibit ameliorated asthmatic inflammation after TDI inhalation. Actually, in the current study, immunohistochemistry and western blotting did indicate that the expressions of NLRP3 and NLRC4 as well as caspase-1 activity were dramatically suppressed by TLR4 deficiency after TDI challenge. However, we observed aggravated airway hypersensitivity, worsened bronchial epithelial shedding and heavier accumulation of neutrophils into the airway in TLR4-deficient mice after TDI inhalation, which are in striking contrast to our expectation. As one of the pattern recognition receptors abundantly expressed in the airway, TLR4 takes an important part in the detection of inspiratory stimuli, and once activated would trigger a list of immune-modulatory responses.[@B3] Increased expressions of TLR4 were found in both serum and induced sputum of patients with asthma.[@B26][@B27] Data from animal models induced by OVA and HDM revealed a controversial but significant role of TLR4 in the development of asthma.[@B9][@B10][@B11][@B12] In the present study, lack of TLR4 exacerbates TDI-induced asthmatic responses, implying that TLR4 acts to counteract allergic airway inflammation induced by TDI. This is in agreement with what was found in an OVA-induced asthma model sensitized by the subcutaneous route,[@B9] but in disagreement with the data in other HDM- or OVA-induced model immunized by the intranasal route,[@B6][@B7] where TLR4 was indispensable for generating airway inflammation and Th2 responses. Indeed, TDI-induced asthmatic mice were dermally sensitized with 0.3% TDI on the dorsum of both ears, which was more similar to sensitization by the subcutaneous route but not by the intranasal route. Thus, this might be attributed to different sensitized routes among asthma models, though the exact mechanism is still open to further investigation.

HMGB1 is an identified pro-inflammatory mediator and when localized in the extracellular space, serves as an alarmin through diverse receptors, including TLR2, TLR4, TLR9 and RAGE, to mediate inflammation.[@B28] Clinical studies and animal models have already demonstrated a role of HMGB1 and its receptors in airway inflammation and asthma.[@B29][@B30][@B31] In this study, we observed that TDI inhalation gave rise to pulmonary expression of HMGB1, which agrees with previous studies indicating that HMGB1 was significantly up-regulated in OVA- and TDI-induced asthma, contributing to neutrophilia.[@B31][@B32] However, TLR4^−/−^ mice exhibited similar translocation and secretion of HMGB1 when compared with WT mice after TDI inhalation, accompanied by none-increased release of an array of neutrophil chemokines. These findings could not provide a satisfactory explanation for the aggravated airway inflammation of TLR4^−/−^ mice after TDI exposure and drove us to test the hypothesis that TLR4 deficiency might exacerbate TDI-induced asthma by impairing apoptosis of neutrophils.

Apoptosis plays an essential role in tissue homeostasis of multicellular organisms.[@B25] Infiltrating neutrophils are cleared from inflamed sites by apoptosis, which promotes resolution rather than persistence of tissue injury.[@B33] Thus, attenuation of neutrophil apoptosis may lead to more severe and prolonged inflammatory responses.[@B20] Studies have indicated a principal role of TLR4 in the regulation of neutrophil survival.[@B34][@B35] In 2010, researchers from USA and China found that the absence of TLR4 worsened neutrophilic inflammation through inhibition of TLR4/IL-1RA signaling.[@B36] Subsequently, the same research team reported that TLR4 promoted neutrophil apoptosis,[@B37] indicating lack of TLR4 would result in airway neutrophil recruitment.[@B36][@B38] Here, in the present study, TDI-exposed TLR4^−/−^ mice exhibited a decrease in neutrophil apoptosis, contributing to the aggravation of TDI-induced airway inflammation, which suggested that TLR4 acts to promote apoptosis of neutrophils and therefore counteracts airway inflammation in TDI-induced asthma. In contrast, a large number of studies showed that TLR4 agonists delayed neutrophil apoptosis,[@B35][@B39] while TLR4 antagonists blunted airway inflammation.[@B4][@B5] Their finding seems opposite to ours given the crucial role of TLR4 in the regulation of neutrophil apoptosis. Yet, it should be noted that ligation of TLR4 to its ligands would result in not only the canonical MyD88-dependent signaling but also pathways independent of MyD88.[@B40] Actually, TLR4 agonists were found to have only a modest direct inhibition of neutrophil apoptosis.[@B35] In addition, TLR4 anti-inflammatory signaling is dependent upon a MyD88-independent pathway.[@B36][@B41] Thus, it is reasonable that inhibition of TLR4 by gene-knockout mice may result in almost opposite outcomes from intervention of signaling using inhibitors. Further investigations are still needed to define the precise mechanism responsible for our observations.

Accumulating evidence has demonstrated that Bcl-2 plays a crucial role in the regulation of neutrophil apoptosis and could be a promising therapeutic target for steroid-resistant asthma.[@B14][@B42][@B43] An anti-apoptotic protein, Bcl-2, could interact with pro-apoptotic proteins, which strictly control intrinsic apoptosis.[@B44] Yet currently, there is limited evidence suggesting a direct link between TLR4 and Bcl-2 in the regulation of neutrophil apoptosis. Liu *et al*.[@B45] discovered that TLR4 activation down-regulated the anti-apoptotic protein Bcl-2 and inhibited the signaling of the intrinsic apoptotic pathway in THP-1.[@B45] Recently, several studies indicated that inhibition of TLR4 by siRNA or inhibitors increased the protein expression of Bcl-2 *in vivo*.[@B46][@B47] In agreement with the results of Liu *et al*.,[@B45] we detected increased expression of Bcl-2 rather than decreased expression of cleaved caspase-8 in TDI-treated TLR4^−/−^ mice compared with WT mice, indicating that the intrinsic apoptotic pathway was mainly implicated in TLR4-induced neutrophil apoptosis. In addition, we also observed that either ABT-199 or ABT-737 could effectively promote neutrophil apoptosis in TDI-exposed TLR4-deficient mice, thereby markedly alleviating TDI-induced airway inflammation. This suggests that TLR4 may promote neutrophil apoptosis through inhibition of Bcl-2 in TDI-induced asthma.

To our knowledge, this is the first study to investigate the role of TLR4 in TDI-induced asthma and to demonstrate the possible mechanisms involved. However, it is noteworthy that even though Bcl-2 inhibitors could attenuate TDI-induced airway inflammation in TLR4-deficient mice, a direct causality between TLR4 and Bcl-2, especially the exact pathway by which TLR4 regulated Bcl-2, could not be established in the present study. However, our study clearly indicated TLR4 as a negative regulator in TDI-induced asthma and explored its possible mechanism, which provided us some new insights into the pathogenesis of TDI-induced asthma.

In conclusion, these data indicated TLR4 deficiency impaired neutrophil apoptosis via pulmonary up-regulation of Bcl-2, thereby resulting in deteriorated AHR and airway inflammation, which suggests that elevated TLR4 could protect against the development of TDI-induced asthma.
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